We report on ferromagnetic resonance force microscopy (FMRFM) based investigations of the ferromagnetic resonance of a single domain wall (DW) in a V-shaped planar permalloy nanowire (NW) which is bent by 60 . A pronounced resonance associated with the DW is observed at 1.6 GHz. FMRFM imaging at the resonance frequency confirms the localization of the resonant mode in the DW area. The measured spectra and spatial distribution of the resonant signal are in good agreement with the results of micromagnetic modeling. Published by AIP Publishing. https://doi.org/10.1063/1.5040072
Magnetic domain walls (DWs) are spatially localized inhomogeneous features of magnetization in ferromagnetic structures that constitute a main ingredient in emerging spintronic applications, including magnetic data storage and processing systems, 1 elements of magnetic logics, 2, 3 and devices for the manipulation of magnetic microbeads used in biotechnology. 4 Resonant DW excitations may be applied in magnonic devices. 5 The ability to exploit dynamic and resonant phenomena of DWs in applications requires detailed investigations of these phenomena. One of the most effective methods for investigating the dynamic and resonant properties of DWs is ferromagnetic resonance (FMR) spectroscopy. 6 However, the FMR measurements in standard spin-resonance spectrometers are limited only to samples containing large numbers of DWs, with inevitable distribution related averaging effects. As a result, FMR properties of individual DWs remain inaccessible although it is very important to obtain information at the individual DW level. A variety of spatially resolved measurement techniques for the investigation of FMR have been developed, including microscopy based on Brillouin light scattering, 7 time-resolved magneto-optical Kerr microscopy (TR-MOKE), 8 X-ray magnetic circular dichroism, 9 scanning thermal microscopy (SThM), 10 near-field microwave microscopy (SMM), 11 and ferromagnetic force resonance microscopy (FMRFM). 12 Scanning probe magnetometry using nitrogen vacancy centers in diamond (NV-SPM) 13 has recently been added to these techniques. Each of these techniques has its own advantages and disadvantages when it comes primarily to detection sensitivity and spatial resolution. The emerging NV-SPM technique apparently has the greatest advantages among the indicated techniques, but its realization requires sophisticated equipment. The lateral resolution of the optical techniques such as TR-MOKE is restricted by the limited focusing of the exciting laser beam. The spatial resolution of SThM and SMM is relatively high and is limited by the size of the probe, but the detection sensitivity of both techniques is low. An approach with very high sensitivity for locally detecting FMR is offered by FMRFM, which is one of the up-to-date extensions of scanning force microscopy. FMRFM allows measuring the FMR spectra of individual submicron size magnets.
14 While exhibiting an exceptional sensitivity, FMRFM is restricted in its spatial resolution to at best a few 100 nm, due to the long range of the probe stray field. Another important advantage is that FMRFM is the only technique that can detect the dynamics of the longitudinal magnetization component. 15 We also note that the spatially confined magnetic field of the probe can be used to localize the FMR mode 16 and thus improve the spatial resolution.
Recently, time-resolved Kerr microscopy was applied for investigating the eigenmodes of individual DWs in ferromagnetic nanowires (NWs). 17 In this letter, we report on the FMRFM based observation of FMR of individual DWs that emerge in bent planar permalloy NWs. The FMR spectroscopy results and the measured distribution of the magnetization oscillations are compared with the results of micromagnetic modeling.
The magnetic permalloy V-shaped NWs bent by 60
(with shoulders having a length of 3000 nm and a width of 600 nm) are fabricated on 100 lm thick glass substrates and are ordered in rectangular arrays containing 10 Â 2 NWs with 11 lm spacing. The NW samples are defined by e-beam lithography with metallization and lift-off of a 30 nm thick Ni 80 Fe 20 layer deposited using dc-magnetron sputtering. 18 A scanning electron microscopy (SEM) micrograph of a V-shaped NW is shown in Fig. 1(a) . In these NWs, DWs can be easily induced by an external magnetic field. The spatial separation of the NWs by 11 lm Published by AIP Publishing. 113, 122407-1 avoids cross coupling and ensures an "individual" NW structure approach for the FMRFM experiments.
The magnetic states and FMR modes in the NWs have been modeled using the Object Oriented Micro Magnetic Framework (OOMMF) simulator 19 based on numerical solution of the Landau-Lifshitz-Gilbert equation 20 for the magnetization of the sample. The calculations are carried out for the following permalloy parameters: the magnetization in saturation is 8 Â 10 5 A/m, the exchange stiffness is 8.4 Â 10 À12 J/m, and the dissipation constant is 0.01. The computational cell has a size of 10 Â 10 Â 30 nm 3 . To detect the resonance response of DW, we exploit the local selectivity and high sensitivity of FMRFM. Our FMRFM setup is based on a customized AFM1 21 setup with a fiber optical interferometer (attocube). A nearly spherical Co probe with a diameter of $7 lm is attached to the end of a tipless cantilever (TL-CONT from NANOSENSORS) with a force constant of $0.1 N/m and is used to localize the region where FMR is excited by a microwave strip-line inductor. Within this region, the sum of the internal magnetic field and the probe magnetic field determines the field for the resonance condition of the DW. The field gradient produced by the probe couples the modulated high-frequency magnetization component to the cantilever that serves as a resonant (at the modulation frequency) micromechanical force detector. The high quality factor ($5 Â 10 3 in vacuum) of the mechanical resonator provides its unique sensitivity. The magnetization in the NWs is manipulated using 100% amplitude modulation of the microwave field at the cantilever resonance frequency of $15.3 kHz while sweeping the microwave frequency in the range of 0.1-3 GHz. The measurements are performed at room temperature.
The Neel type "head-to-tail" DW configuration [ Fig.  1(b) ] is induced by applying a magnetic field of 500 Oe in the x-direction to saturate the NW magnetization and subsequently decreasing the field to zero. When performing the FMRFM measurements, an in-plane magnetic field of 50 Oe is applied in the x-direction to stabilize this DW state.
Because the probe generates a sufficiently strong field, measures need to be taken to minimize its disturbance of the DW. In order to avoid possible destruction of the DW by the probing field, we magnetize the probe in a 1 T field tilted by an angle of $30 from the direction perpendicular to the sample. This inclination creates a probe induced field component directed along the x-axis when the probe is positioned above the DW, which has a stabilizing effect on the DW. To evaluate the effective magnetic moment of the probe after magnetization, we rely on mechanical magnetometry 22 based on monitoring of the mechanical resonance frequency of the cantilever scanned above a current-carrying microfabricated ring 23 with an inner diameter of 5 lm. The magnetic moment of the probe is estimated to be $3 Â 10 À8 emu. The accuracy of this evaluation is estimated to be around 20%.
The stray field of the probe introduces an additional inhomogeneous external magnetic field at the NW that critically depends on the probe-sample separation. In close proximity to the NW, this field can modify or even destroy the DW. We use relatively large separation values in the micrometer range to ensure that this field is weak compared to the internal fields of the NW structure. The typical FMRFM spectra acquired at slightly different probe-sample separations in the range of 3.4-2.0 lm are presented in Fig. 2(a) . Each of the FMRFM spectra in the frequency range of 0.5 to 2.5 GHz consists of a single resonance peak. The spectra are obtained with a microwave magnetic excitation field applied along the y-axis [see the axis configuration in Fig. 1(b) ]. It should be noted that almost all measurements are carried out using these excitation conditions. An example of one of the spectra acquired using a microwave field directed along the x-axis is presented in Fig. 2(a) for comparison. The spectra obtained for an excitation field applied along the y-axis are $7 times more intensive than for excitation along the x-axis. We explain this observation by considering the fact that the magnetization distribution in the DW has a preferred direction along the x-axis. Therefore, applying a microwave magnetic field along the y-axis leads to a more efficient excitation of the resonance.
The resonance peak shifts to higher frequency values, and its intensity increases as the probe approaches the sample surface [ Fig. 2(a) ]. The observed shifts of the spectra can be explained by the effect of the in-plane component of the magnetic field generated by the probe. Similar displacements of the spectra were observed when a small magnetic field is applied along the x-axis. From such measurements, we are able to estimate the field component increase induced by the probe as 46 6 5 Oe when the probe-NW spacing decreases from 3.3 lm to 2.0 lm [ Fig. 2(a) ]. The variation of the intensity of FMRFM spectra with the probe-sample separation in the indicated range may be explained in a straightforward way by the fact that the probe field gradient increases with the decreasing distance, resulting in an increase in the FMRFM signal. When the probe approaches the surface of the sample at distances <2 lm, the influence of the magnetic field of the probe increases substantially. This results in dramatic disturbances of the measured spectra. In view of the complexity of the observed changes in the spectra, we do not analyze these changes in this paper. A detailed analysis can be carried out by taking into account localization of the resonance modes of the DW for the used specific geometry of the orthogonal magnetic fields of the probe and the NWs. 24 In Fig. 3(a) , we present a typical result for a FMRFM lateral scan acquired at 1.6 GHz across a NW. This frequency excites the resonance of the DW when the probe is located above the center of the DW. By decreasing the frequency by $250 MHz [see Fig. 3(b) ], the total magnetic field experienced by the DW when the probe is located above the center of the DW exceeds the resonance field and thus the signal is reduced. Moving away from the center of the DW reduces the total magnetic field experienced by the DW and increases the signal as the peak of the FMR spectrum is approached. The resonant conditions then appear as a halo in the FMRFM image. 25 In a typical FMRFM experimental configuration, the probe magnetization is parallel to the normal field component of the thin-film magnetic microstructures. In addition, the external applied field is also directed along the normal. 26 In our specific case, the investigated DWs have in-plane magnetization vectors. Since the magnetization vectors of the DWs are arranged in-plane, the question arises as to how the probe with a large perpendicular magnetization component couples to a DW. The force and torque are the two components producing a deformation of the cantilever in the zdirection. 27 The DW dipolar field contributes to the torque. The force acting on the probe results from the gradient of the x-component of the probe magnetic moment. The presence of these two components of the probeÀDW interaction can account for the coupling of the probe to a DW.
In order to analyze the FMR of a DW, we have simulated the time dependences of the steady-state oscillations induced by the microwave magnetic field (with amplitude of 1 Oe) for all magnetization components. The simulations are performed for an alternating magnetic field directed along the x-axis and along the y-axis. The results of our micromagnetic simulations of the magnetization oscillation spectrum in the frequency range of 0.1-5 GHz are presented in Fig.  2(b) . The intense peak at 1.6 GHz is related to the resonance, which corresponds to the localized mode of the DW oscillations excited by the alternating magnetic field directed along the y-axis. Note that the main (quasi-uniform) FMR mode excited in the NWs corresponds to a frequency of $7 GHz, which is well above the main mode resonant frequency of the DWs. The simulated DW mode spectrum shown in Fig. 2(b) fits well to the measured spectrum of the NWs with the FMRFM probe localized above a DW [see Fig. 2(a) ]. On the other hand, upon the application of an alternating magnetic field along the x-axis, this peak disappears [lower curve in Fig. 2(b) ]. The very pronounced decrease in the intensity of the peak in the spectrum measured under this condition of excitation [see Fig. 2(a) ] is consistent with our model based simulation.
In order to model the FMRFM images, we have calculated the spatial distributions of the z-gradient of the x-component of the alternating magnetic field generated by the sample magnetization in the scanning plane of the probe arranged at a height of 600 nm. We expected that the probe couples to the x-component of the NW local magnetization. The modeled spatial distribution of the FMRFM signal amplitude, which is presented in Fig. 3(c) , is in many respects similar to the contrast of the FMRFM image obtained experimentally at the resonant microwave frequency [see Fig. 3(a) ]. The spectral features associated with resonances in proximity to the probe provide FMRFM images [ Figs. 3(a) and 3(b) ] of a permalloy microstructure in which the individual DW is clearly resolved. The difference in the spectra in Fig. 2(a) for different relative orientations of the exciting field and the DW also indicates that the resonance belongs to the observed DW. These two pieces of evidence and an agreement between the experimental and simulated results strongly suggest that the dynamic oscillation mode we observe is due to the dynamics of the DW and not to some other ferromagnetic resonance or spin-wave phenomenon.
In summary, we have probed the FMR properties of bent planar permalloy NWs containing a localized DW using FMRFM. We have demonstrated that the FMRFM technique provides the possibility to observe and investigate the dynamic properties of an individual DW. 
